SUMMARY
Intracellular arbuscular mycorrhiza symbiosis between plants and glomeromycotan fungi leads to formation of highly branched fungal arbuscules that release mineral nutrients to the plant host. Their development is regulated in plants by a mechanistically unresolved interplay between symbiosis, nutrient, and hormone (gibberellin) signaling. Using a positional cloning strategy and a retrotransposon insertion line, we identify two novel alleles of Lotus japonicus REDUCED ARBUSCULAR MYCORRHIZA1 (RAM1) encoding a GRAS protein. We confirm that RAM1 is a central regulator of arbuscule development: arbuscule branching is arrested in L. japonicus ram1 mutants, and ectopic expression of RAM1 activates genes critical for arbuscule development in the absence of fungal symbionts. Epistasis analysis places RAM1 downstream of CCaMK, CYCLOPS, and DELLA because ectopic expression of RAM1 restores arbuscule formation in cyclops mutants and in the presence of suppressive gibberellin. The corresponding proteins form a complex that activates RAM1 expression via binding of CYCLOPS to a cis element in the RAM1 promoter. We thus reveal a transcriptional cascade in arbuscule development that employs the promoter of RAM1 as integrator of symbiotic (transmitted via CCaMK and CYCLOPS) and hormonal (gibberellin) signals.
INTRODUCTION
In arbuscular mycorrhiza (AM) symbioses, fungi of the glomeromycota deliver mineral nutrients, especially phosphate and nitrogen, to the plant in exchange for organic carbon [1] . Mineral nutrient release occurs via highly branched fungal structures, the arbuscules, that develop inside root cortex cells [2] . Arbuscule formation is determined by preceding developmental changes in the host cell and progresses in distinct steps that can be genetically dissected with plant mutants [3] . Although several plant genes required for these distinct steps have been identified, it remains unknown how plant cell developmental changes during arbuscule development are regulated and executed mechanistically and how the individual encoded proteins are functionally connected.
In legumes, AM and root nodule symbiosis development requires a set of common symbiosis genes [4, 5] , some of which encode signal transduction proteins. Signaling is initiated upon perception of microbial N-acetyl-glucosamine-containing molecules such as lipochito-oligosaccharides or chitin oligomers by receptor-like kinases [6] , which triggers nuclear calcium spiking [7] . A nuclear localized calcium and calmodulin-dependent kinase (CCaMK) [8] interacts with and phosphorylates the transcription factor CYCLOPS that directly activates the nodulation-specific gene NODULE INCEPTION (NIN) [9, 10] . In AM symbiosis, CYCLOPS is required for arbuscule initiation [9, 11] and expression of colonization marker genes such as SbtM1, PT4 in Lotus japonicus, or AM10 and PT11 in rice [12, 13] . Overexpression of a dominant active version of CCaMK (CCaMK  314 ) can induce transcription of AM-related marker genes such as SbtM1, RAM1, RAM2, and Vapyrin in the absence of AM fungi and calcium spiking [14] , and the expression of SbtM1, RAM1, and Vapyrin was shown to depend on CCaMK [12, 15, 16] . Taken together, this suggests that the CCaMK-CYCLOPS complex regulates genes during AM symbiosis. However, its precise hierarchical placement and its direct target promoters in the AM transcriptional regulatory cascade have been elusive. An important physiological signal that inhibits arbuscule formation is the plant hormone gibberellin (GA) [17] [18] [19] [20] . Conversely, arbuscule formation requires the presence of DELLA proteins [18] [19] [20] , repressors of GA signaling that are stable in the absence of GA and degraded upon GA perception [21] . Although the DELLA/GA module is a key player in the regulation of arbuscule development and therefore a major determinant of quantitative nutrient transfer, its mechanistic function and its position in the interplay with symbiosis signaling remain unknown. GA-mediated degradation of DELLA requires an N-terminal DELLA domain, and deletion of this domain confers stability of the resulting DDELLA version toward the presence of GA [22] . 35S promoter-driven DELLA D18 can restore arbuscule formation in the presence of GA and in roots of a cyclops mutant [20] . Furthermore, ectopic expression of DELLA D18 can induce RAM1 and other genes required for arbuscule development, in the absence of the symbiotic fungus [23] . This suggests that DELLA might act downstream of or at the same hierarchy level as CYCLOPS [20] and upstream of RAM1 and other arbuscule-related genes [23] . However, the mechanistic relationship between CYCLOPS and DELLA as well as the direct targets of these proteins in AM development remained unresolved. RAM1 encodes a GRAS protein that is required for arbuscule branching and induction of marker genes related to arbuscule development in Medicago truncatula, L. japonicus, and Petunia hybrida [23] [24] [25] . Ectopic expression of RAM1 can induce arbuscule-development-related genes, indicating that it might act as a transcriptional regulator [23] .
A forward genetics screen in L. japonicus has been performed to find novel host regulators and executors of arbuscule development [26] . Here, we identified a novel allele of L. japonicus ram1 as causal for perturbance in arbuscule branching in one of the mutants. We discovered that RAM1 is transcriptionally regulated by a complex comprising CCaMK, CYCLOPS, and DELLA and CYCLOPS directly binds to the RAM1 promoter. The CCaMK-CYCLOPS-DELLA complex therefore constitutes a major regulatory hub interconnecting symbiosis and GA signaling during arbuscule development.
RESULTS
red Carries a Nonsense Mutation in RAM1, Encoding a GRAS Protein The L. japonicus mutant reduced and degenerate arbuscules (red; SL0181-N), found in a forward genetics screen, displays reduced root colonization and a strong defect in arbuscule branching. Rough mapping had identified two loci containing causal mutations on chromosome 1 and 6 segregating in the progeny of SL0181-N [26] . The mutation on chromosome 6 appeared to be heterozygous in individual mutants in the M2 generation because we could retrieve single mutants of the mutation on chromosome 1 in subsequent generations that displayed the aberrant arbuscule phenotype ( Figures 1B and  2A ). This was confirmed by outcrossing an M6 individual of the SL0181-N line (M1619) to ecotype MG20 and segregation analysis of the AM phenotype in the resulting F2 population. Using a combination of classical mapping and next-generation sequencing, we identified two nonsense mutations in open reading frames in the mapping interval between the markers TM1666 and TM0356 on chromosome 1 ( Figure S1A ). One candidate mutation was a C to T transition at position 115 of chr1.CM1852.30.r2.m, replacing the codon for amino acid 39 of the encoded GRAS protein with a stop codon ( Figure S1 ). It represents a novel L. japonicus allele of the previously identified M. truncatula REDUCED ARBUSCULAR MYCORRHIZA 1 (RAM1) and P. hybrida ATYPICAL ARBUSCULE (ATA) [15, 25] (Figure S2 ). Because two retrotransposon (LORE1) insertion mutants of L. japonicus RAM1 have previously been described by reverse genetics [24] , we named the mutant carrying the novel ram1 allele ram1-3 ( Figures 1A and 1B) . Transformation of ram1-3 hairy roots with the wild-type RAM1 gene including its own promoter restored arbuscule branching, confirming that the nonsense mutation in the RAM1 gene caused the stunted arbuscule phenotype. An independent additional mutant (ram1-4) carrying a retrotransposon (LORE1) insertion in exon 2 phenocopied ram1-3 with respect to arbuscule branching ( Figures 1A and 1B) and extent of root colonization (Figure 2A ).
RAM1-Dependent Gene Regulation
To assess at which stage of arbuscule development L. japonicus ram1 mutants are perturbed, we examined the expression of marker genes associated with arbuscule initiation (SbtM1, BCP1, and Vapyrin A and B) and branching (RAM2, STR, PT4, and AMT2.2) [3] . Of these, STR and RAM2 are similarly to RAM1 required for the development of fine arbuscule branches [27] [28] [29] . All marker genes except Vapyrin A and AMT2.2 were induced in both ram1 mutants upon AM colonization ( Figure 2B ). Nonetheless, overexpression of RAM1 driven by the ubiquitously active L. japonicus ubiquitin promoter (pUbi:RAM1) induced all marker genes with the exception of BCP1, Vapyrin A, and Vapyrin B in the absence of AM fungi ( Figure 3B ). Thus, RAM1 is sufficient to induce arbuscule-development-related genes, even for some that do not require RAM1 for induction.
AM-Induced RAM1 Transcription Depends on CYCLOPS Consistent with an important role of RAM1 in AM development, RAM1 transcripts strongly accumulated in colonized roots (Figures 1C-1E ) whereas only background levels were detectable in control roots, stems, leaves, and flowers ( Figure 1C ). To detect the activity pattern of the RAM1 promoter, the same 2-kb RAM1 promoter fragment (including the 5 0 UTR) used to successfully restore wild-type-like colonization in ram1-3 (Figure 1A) was coupled to the uidA gene (pRAM1:GUS). Strong GUS activity was detected specifically in colonized, but not in non-inoculated roots ( Figure 1F ). RAM1 promoter activity was restricted to colonized root segments, in which it was detected in all tissue layers independently of whether the fragments contained arbuscules or intraradical hyphae ( Figures 1G-1I) . In ram1 mutants, transcript accumulation from the ram1 mutant alleles as well as pRAM1:GUS expression was also observed in response to AM colonization ( Figures 2B-2D ), indicating that RAM1 transcription does not depend on RAM1 itself. However, as previously reported for Medicago [15] , RAM1 was not induced by AM fungi in a ccamk-13 mutant that does not allow intraradical colonization ( Figures 1D and 1E ). Induction was also absent from two allelic cyclops mutants (cyclops-3 and -4; Figures 1D-1F and 1J ), although they were colonized by intraradical hyphae (Figure 1D ), which in the wild-type were associated with RAM1 promoter activity ( Figure 1I ). This indicates that RAM1 transcriptional activation depends on the CCaMK-CYCLOPS complex ( Figure 1D ).
RAM1 Expression Is Sufficient to Trigger Symbiotic
Transcriptional Regulation Downstream of CCaMK and CYCLOPS To investigate whether RAM1 acts downstream of CCaMK and CYCLOPS, we examined whether ectopic RAM1 expression could restore arbuscule formation in hairy roots of the ccamk-13 mutant and the two allelic cyclops mutants. Indeed, numerous arbuscules formed in hairy roots of cyclops-3 and -4 transformed with pUbi:RAM1, whereas none of the mutants allowed arbuscule development when transformed with the empty vector control. This demonstrates that RAM1 expression independent of CYCLOPS is sufficient to restore arbuscule development in cyclops ( Figure 3A) . However, in ccamk-13 mutant roots, RAM1 overexpression did not restore arbuscule formation ( Figure 3A) . [23] and cyclops-3 in the absence of the fungus ( Figure 3B ). Fungus-independent expression of symbiosisregulated genes was also observed in ccamk-13 transformed with pUbi:RAM1. This is particularly interesting because the same construct did not restore colonization and arbuscule formation in the inoculated ccamk-13 mutant ( Figures 3A, 3B , and S3). These data establish that RAM1 overexpression can bypass the lack of CCaMK or CYCLOPS because it is sufficient to induce AM-associated marker genes. Thus, RAM1 acts as a transcriptional activator downstream of CCaMK and CYCLOPS.
RAM1 Overexpression Restores Arbuscule Formation in the Presence of GA
In M. truncatula, arbuscule formation is inhibited by GA treatment [20] . Inhibition can be prevented by a GA-resistant version of DELLA (p35S:DELLA1 D18 ) [20] . Ectopic expression Tables S1 and S2. of M. truncatula DELLA1 D18 can also restore arbuscule formation in cyclops-3 mutants similar to ectopic expression of RAM1 [20] , and it can induce RAM1 expression in the absence of fungus [23] . This suggests that DELLA and RAM1 may act sequentially.
To address this, we examined whether pUbi:RAM1 restores arbuscule formation in Lotus roots in the presence of GA. As a positive control, we included hairy roots expressing a GA-resistant DELLA1 version of L. japonicus (p35S:DELLA1 D17 ), similar to the published construct containing Medicago DELLA1 D18 [20] . Tables S1 and S2. GA treatment inhibited arbuscule formation and accordingly AM-related marker gene expression in roots transformed with an empty vector. Roots transformed with p35S:DELLA1 D17 or pUbi:RAM1 restored arbuscule formation and marker gene expression ( Figures 4A and 4B ) although the plants had responded to GA with increased shoot elongation (Figure S4 ). This indicates that RAM1 can either replace DELLA (because the two proteins are highly related; Figure S2 ) or is required at a lower hierarchy level than DELLA. However, 35S promoter-driven expression of DELLA1 D17 in the ram1-3 mutant did not restore fine branching of arbuscules ( Figure 5A ), although in the wild-type, it was sufficient to support formation of fully developed arbuscules in the presence of GA (Figure 4) . Similarly, root treatment with the GA biosynthesis inhibitor paclobutrazol (PAC), which promotes accumulation of DELLA proteins [30] , did not restore fine branching nor quantitative colonization ( Figures 5B, S5A , and S5B), although it was sufficient to restore formation of fully branched arbuscules in cyclops mutants ( Figures 5B and S5A ), similar to p35S:DELLA1 D18 expression [20] . Taken together, these data indicate that DELLA cannot replace RAM1. Moreover, also in Lotus, ectopic DELLA1 D17 expression and PAC treatment activated RAM1 transcription in the absence of the fungus ( Figures 5C-5E ) [23] , indicating that DELLA is involved in RAM1's transcriptional regulation.
The RAM1 Promoter Is Activated by a Complex of CCaMK 314 , CYCLOPS, and DELLA A gain-of-function version of CCaMK (CCaMK 314 ) consisting of the first 314 amino acids that constitute only the kinase domain but lack the autoinhibitory domain can activate RAM1 transcript accumulation in the absence of AM fungi [14] . These data together with our findings that RAM1 acts downstream of the CCaMK phosphorylation target CYCLOPS in arbuscule development and can be activated by DELLA1 D17 (Figures 3,   4 , and 5) [23] suggested that RAM1 transcription could be directly regulated by CYCLOPS and/or DELLA. To test this in transactivation assays, pRAM1:GUS was co-expressed with NLS-CCaMK 314 -dsRed, 3xHA-CYCLOPS, and DELLA1 D17 in
Nicotiana benthamiana leaves ( Figure 6A ). The reporter was expressed when both CYCLOPS and the autoactive CCaMK
314
were co-transformed with pRAM1:GUS, indicating that CYCLOPS is sufficient to induce the RAM1 promoter in N. benthamiana leaves in the presence of CCaMK
. When DELLA1 D17 was combined with CCaMK 314 and CYCLOPS, reporter expression level was higher than that induced by the combination of CCaMK 314 and CYCLOPS ( Figure 6A ). The amplification of pRAM1 activation was specific for DELLA Figure S3 and Tables S1 and S2. because the related GRAS protein RAM1 did not enhance the effect of CCaMK 314 and CYCLOPS on reporter expression ( Figure 6A ). This suggests that CCaMK 314 , CYCLOPS, and DELLA together activate the RAM1 promoter. Congruently, we observed that the previously reported fungus-independent induction of RAM1 by CCaMK 314 in L. japonicus hairy roots [14] was abolished in a cyclops-3 mutant and also by GA treatment in the wild-type ( Figure 6B) , showing that RAM1 expression depends on CYCLOPS as well as DELLA. DELLA proteins typically regulate promoter activation by interacting with DNA-binding transcription factors [31, 32] . Therefore, we asked whether DELLA would also physically interact with the DNA-binding transcription factor CYCLOPS [10] during RAM1 promoter activation. To test physical interaction, we performed Y2H assays ( Figure 6C ). Both CYCLOPS and DELLA show strong autoactivation in yeast when coupled with the DNA-binding domain of the yeast GAL4 protein [10, 33] . Therefore, we coupled full-length CYCLOPS to the GAL4 activation domain (AD) and fused truncated versions of DELLA1 (F1 and M5; Figure 6C) that were previously reported not to show autoactivation in yeast [33] , to the GAL4 binding domain (BD). The combination of DELLA M5 and CYCLOPS promoted yeast growth without autoactivation, indicating that DELLA1 and CYCLOPS can interact in yeast and that the interaction site of DELLA1 is likely positioned between amino acids 381 and 408 ( Figure 6C ). However, in yeast, DELLA1 did not directly interact with full-length CCaMK or CCaMK 314 ( Figure S6A ). Interaction of CYCLOPS with DELLA1 D17 or full-length DELLA1 was also indicated by bimolecular fluorescence complementation (BiFC) ( Figure 6D ) and by co-immunoprecipitation (coIP) ( Figure 6E ). Both versions of DELLA also interacted with CYCLOPS when CCaMK 314 was co-expressed in N. benthamiana leaf cells and with CCaMK in the presence of CYCLOPS, indicating that all three proteins form a complex (Figures 6D and 6E) . Furthermore, we observed by coIP that also the CYCLOPS ortholog of M. truncatula called INTERACTING PROTEIN of DMI3 (IPD3) interacts with DELLA2 of M. truncatula ( Figure S6B ). Thus, CYCLOPS interaction with DELLA is conserved within the legumes and among different DELLA isoforms.
CYCLOPS Transactivates the RAM1 Promoter via Direct Binding to a cis Element
In order to identify the cis element responsible for CYCLOPSmediated RAM1 activation, we performed promoter deletion studies in N. benthamiana leaves. pRAM1 deletion constructs were co-transformed with NLS-CCaMK 314 -dsRed and 3xHA-CYCLOPS, because these two proteins are sufficient for pRAM1 activation ( Figure 6A) . A 30-bp response element ''AMCYC-RE'' 280 bp upstream of the transcriptional start Figure S4 and Tables S1 and S2. site ( Figures 7A and 7B ) was identified as essential for activation by the CCaMK 314 /CYCLOPS complex. In electrophoretic mobility shift assays (EMSAs), CYCLOPS-min, containing the binding and activation domain of CYCLOPS [10] , bound the AMCYC-RE probe. This interaction was sequence specific because competition for binding to the labeled probe was successful with unlabeled wild-type AMCYC-RE, but unsuccessful with mutated AMCYC-RE (mAMCYC-RE) ( Figure 7C ). Taken together, this indicates that CYCLOPS activates the RAM1 promoter through direct binding at the AMCYC-RE. In order to test the relevance of this element in AM symbiosis, we analyzed a promoter deletion series in Lotus roots colonized by R. irregularis and found that the À325-bp promoter fragment containing this element was sufficient to drive GUS expression in colonized roots ( Figure S7 ).
DISCUSSION
Arbuscule development is accompanied by profound structural rearrangements of the host cortex cell. Genetic evidence demonstrates that the host cell plays a major role in determining the size, shape, and branching pattern of arbuscules [3, 34] . Many transcription-factor-encoding genes are activated during arbuscule formation [24, 35, 36] . This might reflect complex regulatory networks mediating host cell reorganization and arbuscule development. However, the genetic relevance, mechanistic role, and connectivity among these transcription factors are largely unknown.
Here, we describe a central regulatory cascade in which the GRAS protein RAM1 is an essential regulator of arbuscule formation because, as also reported previously, (1) ram1 mutants are perturbed in arbuscule branching ( Figure 1A ) and (2) ectopic RAM1 expression is sufficient to induce genes with established functions in arbuscule development ( Figure 2B ) such as STR and RAM2 [23] [24] [25] [27] [28] [29] . The transcriptional activation of target genes by ectopic RAM1 expression in the absence of the fungus strongly suggests that RAM1 acts as a transcription factor. Nevertheless, most examined marker genes were induced upon colonization in roots of two allelic ram1 mutants (Figure 2) . Figure S5 and Tables S1 and S2. Among them, STR, PT4, and AMT2.2 encode transporter proteins that localize to the peri-arbuscular membrane [27, 37, 38] . Peri-arbuscular membrane localization of PT4 depends on its promoter and thus likely the timing of expression [39] . It has therefore been proposed that all genes encoding peri-arbuscular membrane localized transporters may be co-regulated [3] . However, L. japonicus ram1 mutants dissect AMT2.2 from PT4 expression ( Figure 2B ), indicating different players inducing peri-arbuscular membrane localized transporter-encoding genes ( Figure 7D ). Marker gene induction in L. japonicus ram1 contrasts with RAM1 dependence of arbuscule-related marker genes including PT4, RAM2, and STR in Petunia and Medicago [15, [23] [24] [25] . This partial redundancy at the level of RAM1 appears therefore specific to L. japonicus. Nevertheless, the redundant factor in L. japonicus is insufficient to support arbuscule branching, suggesting that RAM1 target genes co-regulated with AMT2.2 are responsible for the ram1 phenotype ( Figure 7D ). Several GRAS protein encoding genes such as the closely related REQUIRED FOR ARBUSCULE DEVELOPMENT (RAD1) or TF124 are induced upon AM [23, 24] and could act redundantly with RAM1.
Our data reveal RAM1 as an entry point into AM-specific transcriptional regulation downstream of CYCLOPS, because the RAM1 promoter is induced by CYCLOPS and autoactive CCaMK and overexpression of RAM1 restores arbuscule formation in cyclops mutants (Figure 3 ). We identified a cis element (AMCYC-RE) that is bound by CYCLOPS and required for RAM1 promoter activation. It contains a palindrome that has computationally been identified in promoters of several K44A as a negative control [10] .
(E) Co-immunoprecipitation assay showing interaction of CYCLOPS and DELLA1 D17 in presence of CCaMK in N. benthamiana leaves. For the input blots, 0.3% input extract was loaded to detect 3xHA-CYCLOPS and MYC-DELLA1
D17
. After co-immunoprecipitation, 30% of the eluate was loaded, detecting both 3xHA-CYCLOPS and MYC-DELLA1
. See also Figure S6 and Tables S1 and S2. AM-induced genes [40] . It is possible that the CCaMK-CYCLOPS complex governs this regulon. AMCYC-RE differs from the previously identified CYC-RE in the NIN promoter [10] . Thus, cis element binding specificity by transcription factor complexes might be involved in the decision between AM and root nodule symbiosis downstream of common symbiosis signaling. The failure to restore colonization of ccamk-13 mutants is probably due to absence of cortical colonization of ccamk-13 mutant roots with fungal hyphae, which is the prerequisite for arbuscule formation. It likely requires phosphorylation of additional CCaMK targets [41] . Still, ccamk mutants are able to trigger at least parts of the cortical program as evidenced by induction of arbuscule-related marker genes by pUbi:RAM1 expression. Fungus-independent induction of arbuscule-development-related genes by pUbi:RAM1 ( Figure 3B ) recapitulates the previously described induction of RAM1, SbtM1, and RAM2 by p35S-driven expression of CCaMK 314 [14] . Thus, we reveal a key transcriptional regulatory cascade coordinating arbuscule development in which an activated CCaMK-CYCLOPS complex induces RAM1 expression, and RAM1 subsequently activates SbtM1, RAM2, STR, and other genes required for arbuscule development ( Figure 7D ).
Our analyses also resolve a role of DELLA proteins in arbuscule formation. Although our experiments involve only the GAresistant DELLA1, results from GA and PAC treatments and the notion that DELLAs are replaceable and act redundantly [20, 42] suggest an involvement of DELLA proteins in general. They act upstream of RAM1 (Figures 4 and 5) and participate in the complex with CCaMK and CYCLOPS that induces RAM1 expression and therefore in the transcriptional cascade that starts AM-specific transcriptional regulation downstream of CYCLOPS (Figures 6 and 7) . DELLAs themselves are likely not AM-specific factors as GA not only inhibits AM symbiosis but also nodulation [43] . Given that both CYCLOPS and DELLA are required for CCaMK 314 -mediated RAM1 induction, it is somewhat surprising that DELLA1 D18 [20] and PAC treatment ( Figure 5B ) can restore arbuscule formation in cyclops mutants and spontaneously induce RAM1. This conundrum might point to a role of CYCLOPS in stabilizing DELLA to facilitate DELLA association with yet additional unknown transcriptional regulators that participate in activating the RAM1 promoter and become sufficient in the presence of stabilized DELLA ( Figure 7D ). Arbuscule formation is tightly controlled by the plant and needs to be synchronized with its nutritional and physiological needs. For example, colonization is inhibited by far-red light and arbuscule development is inhibited at high P-levels [44, 45] . This likely involves plant hormone signaling [45] , which integrates plant physiology with development [41] . The RAM1 promoter emerges as a central integration node of symbiotic (CCaMK/CYCLOPS) and hormonal (DELLA/GA) signaling and may be an important target during adaptation of AM development to the plant physiological status.
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